Purpose: Use of anterior segment OCT to identify features and natural history of bimanual incisions used only for phacoemulsification and a main incision used only for intraocular lens insertion.
T he use of power modulation and the development of a new generation of intraocular lenses (IOL) have allowed phacoemulsification surgical techniques to move toward ever smaller incisions. [1] [2] [3] It is now possible to perform phacoemulsification and implant IOLs through incisions less than 2 mm, which is commonly referred to as microincision cataract surgery (MICS). 3 There are 2 types of MICS phacoemulsification: bimanual and coaxial.
The bimanual MICS technique separates the irrigation and aspiration functions, each to a separate instrument. There is no irrigating sleeve on the phacoemulsification tip, which is known as sleeveless phacoemulsification. The efficacy of sleeveless phacoemulsification is established. When bimanual MICS was performed using an IOL that can be inserted through a sub-2 mm incision, visual acuities, corrected and uncorrected, were excellent, and retinal image quality was equal to that of conventional IOLs. 3, 4 Furthermore, bimanual MICS using sub-2 mm incision IOLs did not induce corneal astigmatism or corneal optical aberrations. 5 Thus, bimanual MICS produced excellent outcomes.
Still, bimanual sleeveless MICS is criticized for its steep learning curve, anterior chamber instability, limited infusion because of small instruments, and mechanical wound trauma. 6 In part, to overcome these supposed problems, coaxial phacoemulsification through a sub-2 mm incision was introduced, coaxial MICS. 7 When directly compared, coaxial and bimanual MICS, each had excellent visual results and similar surgically induced astigmatism and corneal endothelial cell loss. 8, 9 One ex vivo study, using scanning electron microscopy to describe the internal configuration of bimanual MICS incisions, suggested that the bimanual MICS incisions have less integrity than the coaxial MICS incisions; however, more recent clinical studies suggest otherwise. [8] [9] [10] Anterior segment optical coherence tomography (OCT) can be used to describe the incision architecture of clear corneal incisions (CCI). 11, 12 To help understand the clinical healing of bimanual MICS incisions, the purpose of our study is to use OCT to describe changes of incision architecture over time after bimanual sleeveless MICS.
MATERIALS AND METHODS

Subjects
This study was approved by the Institutional Review Board of the University of North Carolina School of Medicine. In this prospective observational study, 25 subjects with cataract and no other eye disease were enrolled from the Department of Ophthalmology of the University of North Carolina School of Medicine and underwent standard informed consent for participation. Exclusion criteria included those who (1) suffer from diabetes and have diabetic retinopathy, (2) have a history of intraocular surgery, (3) have a history of ocular trauma, (4) have known pathology of the cornea, (5) are unable to understand English, (6) are decisionally impaired, (7) are currently incarcerated, and/or (8) are less than 18 years of age.
Examination
All subjects underwent standard preoperative examination and evaluation by the primary investigator (K.L.C.). After bimanual MICS, subjects underwent standard sequential postoperative visits at 1 day, 1 week, and 1 month. At the conclusion of each visit, subjects underwent anterior segment OCT evaluation by the same masked examiner using the Visante AS-OCT (Carl Zeiss Meditec, Inc, Dublin, CA). At the 1-week visit, the 10-0 nylon suture was removed before anterior segment OCT evaluation.
Surgical Technique
All subjects underwent bimanual MICS as described previously with burst mode power modulation ( Table 1 ). 13 All surgery was performed by the same attending surgeon (K.L.C.), experienced in bimanual MICS. Topical anesthetic was used. The Duet BiManual System (MicroSurgical Technology, Redmond, WA) was used. Superotemporally and inferotemporally, 1.2 3 1.4 mm trapezoidal limbal incisions, were made with a Sharpoint (Surgical Specialties Corporation, Vancouver, Canada) IQ Geometry ClearTrap Knives Bevel Up (catalog number: 77-1214). Incisions were created as described by Fine et al. 11 Sodium hyaluronate 3.0% and chondroitin sulfate 4.0% (Viscoat; Alcon Laboratories, Inc, Ft Worth, TX) was injected into the anterior chamber. A continuous curvilinear capsulorrhexis was performed with a 23-gauge capsulorrhexis forceps (Fine/Hoffman DFH-0002). Hydrodissection and hydrodelineation were performed. The Infiniti phacoemulsifier (Alcon Laboratories, Inc.) was used to remove the cataract. A round 0.9-mm turbosonics microtip (ref no: 30RTS; Alcon Laboratories, Inc) without the irrigation sleeve and a 20-gauge horizontal (Fine/Nagahara; Du-0233) or vertical (Fine/Olson; Du-02305) chopper were used to chop and emulsify the nucleus and epinucleus. Twenty-gauge irrigation and aspiration tips (Du-02301 and Du-02302) were used to remove the cortex. The anterior chamber was formed with Viscoat, and a 2.75-mm temporal CCI was made using a Sharpoint clear corneal knife double bevel (catalog number: 72-2763). An AR40e IOL (Advanced Medical Optics, Santa Anna, CA) was injected into the capsular bag. Viscoat was removed by using the irrigation and aspiration tips. The 2.75-mm incision was closed with one 10-0 nylon suture, which was removed at 1 week after surgery. Light hydration of all incisions was performed with balanced salt solution and a 27-gauge blunt-tipped cannula. Incisions were visually inspected to ensure self-sealability.
Image Analysis of Corneal Incisions
A standardized protocol was employed by the examiner, which ensured that each of the 3 incisions was adequately imaged. With the subject fixated centrally, multiple images of each incision were acquired. With Visante software version 2.0.1.88, the ''enhanced anterior segment single'' option was chosen to capture scans of the corneal incisions. To capture the main 2.75-mm incision, a 16-mm horizontal scan was obtained. To capture each 1.2 3 1.4 mm trapezoidal incision, the 16-mm scan was rotated approximately 60 degrees clockwise and counter clockwise. The clearest images were captured and saved for analysis.
The same examiner analyzed all the saved images. A standard pictorial grading sheet with 6 unique incision characteristics was used for evaluation ( Fig. 1 ). Incision features counted were epithelial gape, epithelial misalignment, loss of coaptation, endothelial gape, endothelial misalignment, and detachment of the Descemet membrane. 14 Because multiple images were obtained of each incision, the presence of any incision feature(s) in any one of the scans was counted as present. Multiple incision features were sometimes present in the same incision, and each feature was counted as present.
Statistical Analyses
For each incision, feature, and visit combination (3 3 6 3 3), if there was presence of the feature, then the incisionfeature-visit combination had a record of 1. For example, if there was endothelial misalignment in the main incision during the first visit, then the variable for (main, visit 1, endothelial misalignment) would have a 1 recorded for that subject. Otherwise, a 0 was recorded. The data for the inferior and superior bimanual incisions were combined by taking the mean of the 2 incisions for each feature-visit combination. The combination of the inferior and superior incision is referred to as the bimanual incision. The difference for each feature between the main incision and the bimanual incision at each time point (1 day, 1 week, and 1 month) was postoperatively calculated. Differences over all time points were calculated by averaging the mean of differences over time and incision, respectively. The Mantel-Haenszel test was used to determine if there was a difference between the main incision and the bimanual incision over time points. Subject demographic variables were tested to determine if the study was balanced. The sign test was performed to compare groups. The P values were based on testing the null hypothesis that the proportion of men/women and right/left eyes is equal to 0.5.
RESULTS
The mean (SD) age of subjects was 73.4 years (9.1). Sixteen subjects (64%) were women; 9 subjects (36%) were men. Fourteen right eyes (56%) and 11 left eyes (44%) were analyzed.
There were no significant differences in the proportions of men and women (P = 0.1615) nor right and left eyes (P = 0.5484) ( Table 2) . Data from 25 subjects were available at 1 day and 1 week; data from 23 subjects were available at 1 month.
Data from the main incision (used only for IOL injection) were compared with the bimanual incision (which was used only for bimanual phacoemulsification). Bar graphs were created showing the percent of each incision feature, at each time period, for the main incision and the bimanual incision, respectively (Fig. 2) . The most common findings at 1 day were endothelial misalignment in the main incision (52%) and endothelial gape in the bimanual incision (24%). The most common findings at 1 week were endothelial misalignment in the main incision (60%) and endothelial gape in the bimanual incision (22%), similar to the pattern seen at 1 day. The most common finding at 1 month was endothelial misalignment in both the main incision (35%) and the bimanual incision (14%). Table 3 . A P value less than 0.05 was considered statistically significant. Endothelial misalignment was significantly more common in the main incision compared with the bimanual incision only at 1 day (P = 0.0352) and 1 week (P = 0.0005). The only other incision feature found to differ significantly was endothelial gape, which was more frequent in the bimanual incision compared with the main incision at 1 week (P = 0.0391). Missing P values in Table 3 from the other incision features are because of all differences being 0.
Statistical comparison of incision features between the main incision and the bimanual incision is listed in
When each incision feature was combined over all time periods, endothelial misalignment was significantly more prevalent in the main incision compared with the bimanual incision (P = 0.0004), whereas endothelial gape was more common in the bimanual incision compared with the main incision (P = 0.0352). When all incision features were combined over all time periods, incision features were significantly more prevalent in the main incision (P = 0.0169).
DISCUSSION
A major advancement in cataract surgical technique is the decrease in the size of the CCIs through which the surgery is performed. Clinical studies comparing phacoemulsification through incisions less than 2 mm, bimanual, and 2.75 mm and 3.00 mm, coaxial, documented similar clinical outcomes. 14, 15 Although comparative studies demonstrate the clinical efficacy of bimanual phacoemulsification, there is continuing criticism of this technique. Recent criticism revolves around the anatomical integrity of CCIs, less than 2 mm, used for bimanual phacoemulsification.
One study using cadaver eyes concluded that the incision integrity after bimanual phacoemulsification was inferior to that after coaxial phacoemulsification. 10 This was based on scanning electron microscopy of only 1 eye after bimanual surgery, which had greater endothelial cell loss and tearing of the Descemet membrane compared with only 2 eyes after coaxial surgery. Therefore, based on a limited number of cadaver eyes, this study speculated that these findings were because of tight incision geometry surrounding the instruments. 10 In our opinion, criticism of a surgical technique based on such a small sample of cadaver eyes is not justified. Also, in this study, phacoemulsification was simply simulated; crystalline lenses were not actually removed, and there was no insertion of an IOL. Finally, it is not stated whether the operating author had prior experience in using bimanual MICS. The surgeon in our study is experienced in bimanual MICS. Subsequently, 2 studies seemed to confirm the inferior incision integrity of bimanual surgery. 16, 17 In rabbit eyes, after bimanual surgery, there was more irregularity to the incision margins, more stromal swelling, and more disruption of stromal collagen fibers than after coaxial surgery. Importantly, to our knowledge, there is only 1 clinical study that casts light on the incision integrity of CCIs used for bimanual phacoemulsification versus coaxial phacoemulsification. 17 This study found greater ingress of trypan blue into the anterior chamber in the bimanual eyes versus the microcoaxial and the coaxial eyes. The authors suggested that, while it is tempting to perform surgery through incisions as small as possible, surgeons should minimize incision distortion as it could jeopardize incision integrity.
However, using OCT to demonstrate anatomical incision integrity and healing over time, our study does not support this statement. Our study documented and compared findings of anatomical incision integrity over time of both CCIs used only for bimanual phacoemulsification and the CCIs used only for IOL injection. Thus, importantly, the bimanual CCIs were not altered for IOL injection as in the clinical study, which evaluated trypan blue ingress into the anterior chamber. 17 Figure 2 lists the prevalence of the incision features in the main and bimanual incisions. At 1 day after surgery, the most prevalent finding on OCT in all incisions was endothelial misalignment, 26.7%, followed by endothelial gape at 20%. All other findings were present in less than 10% of all incisions. Importantly, over time, all findings, except endothelial misalignment (21.7%), decreased to a prevalence of less than 3% at 1 month after surgery. At 1 month after surgery, there was no Descemet detachment, loss of coaptation, epithelial misalignment, or epithelial gape. Therefore, when all incisions were combined, the most common defect of anatomic integrity was located posteriorly. This is similar to the findings after bimanual MICS in cadaver eyes and rabbit eyes. 10, 16 One notable aspect of our study was that the 1.2 3 1.4 mm trapezoid CCIs were used only for bimanual phacoemulsification and not enlarged for IOL insertion. At conclusion of phacoemulsification, the bimanual incisions are rounded because of the configuration of the instruments used to emulsify the nucleus and epinucleus and to remove the cortex, as well as instrument maneuvers in a relatively tight incision. Therefore, enlarging a rounded incision would likely compromise sealability. To our knowledge, ours is the only study that can compare anatomic incision integrity and healing of bimanual incisions documented on OCT to the main incision used only for IOL insertion. At 1 day and 1 week, there were differences between the main incision and the bimanual incision. At 1 day, the main incision had a higher incidence of endothelial misalignment, possibly because of suture tension on the anterior portion of the incision. At 1 week, the bimanual incision had a higher incidence of endothelial gape, probably because of the tight geometry of 20-gauge bare metal instruments passing through this incision. 17 These findings were short lived because at 30 days after surgery, there were no differences between the main incision and the bimanual incision (Table 3) . Notably, incision features seemed to resolve over time in all incisions, with the exception of endothelial misalignment, which persisted in all incisions (Fig. 2) .
Therefore, when compared with the main incision, bimanual MICS did not have an adverse effect on the anatomic integrity and healing of bimanual incisions. Also, suturing the main incision did not cause a difference in healing between the main incision and the bimanual incision. There are several clinical studies that used OCT to image CCIs. [11] [12] [13] [18] [19] [20] [21] [22] Only 3 documented healing over time, and only 2 documented healing to 1 month. [20] [21] [22] Two studies evaluated anatomic incision integrity in bimanual MICS, and only 1 of these studies evaluated anatomic CCI integrity at 1 month. 21, 22 However, unlike our study, these bimanual CCIs were enlarged to accommodate IOL insertion.
The anatomic integrity of the main CCIs in our study has some findings similar to the findings in the 2 studies that had similarly sized coaxial CCIs. 19, 20 At postoperative day 1, epithelial integrity was not a problem, but the incidence of faulty endothelial apposition was approximately 45% to 50%. In our study, endothelial misalignment was 52% (Fig. 2) . However, endothelial gape and Descemet detachment were only 12% and 4%, respectively (Fig. 2) . This is less than previously reported for coaxial CCIs, up to 50% for endothelial gape and 67% for Descemet membrane detachment. 19, 20 Thus, the main incision in our study had less disruption of the anatomic integrity of the posterior cornea, possibly because of the use of the CCIs in our study only for IOL insertion instead of both phacoemulsification and IOL insertion. Similar to our study, faulty endothelial apposition was less frequent at 1 month postoperatively (Fig. 2) . 20 A recent study compared the anatomic integrity of microcoaxial CCIs with bimanual CCIs and found no differences between these incisions over the first postoperative month. 22 This is confirmed by our study that found for each incision feature over time no difference between the main incision and the bimanual incision. Also, this recent study found that the bimanual CCIs had more frequent endothelial gaping and Descemet membrane detachment, 64% and 60%, respectively, at postoperative day 1 than our study, and this may be because of the enlargement of CCIs for IOL insertion (Fig. 2) . 22 Importantly, similar to our study, at 1 month, the bimanual CCIs healed well with resolution of the faulty posterior apposition.
Because our study found essentially no differences in anatomic integrity and healing when the main incision was compared with the bimanual incision and because the main incision was used only for IOL insertion, the tight incision geometry of the bimanual incisions might have affected OCT findings at 1 week, but healing over 30 days was not affected. Also, our results confirm the recent study that found little OCT-documented differences of CCIs over the 30 days after surgery from eyes that had microcoaxial phacoemulsification compared with eyes that had bimanual MICS. 22 This casts doubt on the suggested adverse affect of the tight incision geometry of bimanual incisions. 10, 16, 17 Also, even though our main incision, used only for IOL insertion, may have had less trauma than coaxial CCIs (used for both phacoemulsification and insertion of the IOL) the main incision in our study had similar incision integrity over time as coaxial CCIs. 22 Thus, the absence of a sleeve and the different maneuvers required with bimanual versus coaxial phacoemulsification do not seem to adversely affect the anatomic incision integrity and healing as documented with OCT.
